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Abstract

This paper presents the kinetic and thermodynamic characterization of a non-catalyzed reaction between poly(hexamethylene carbonate-co-
caprolactone)diol (PHMC-co-PCL) and aliphatic hexamethylene diisocyanate (HDI) with a stochiometric functional concentration, using both
isothermal and dynamic differential scanning calorimetry, DSC, as well as Fourier transform infrared spectroscopy, FT-IR. DSC data were fitted
using a Kamal autocatalytic equation. Model-free-isoconversional methods were also applied to analyse the conversion dependence of the global
activation energy. This relation was used to predict the reaction conversion versus time pattern at different temperatures and to compare it with
that of the model approach. Kinetic modelling and model-free analysis successfully described the conversion versus time curves. The reaction can
be divided in two different paths: the forward path and the autocatalyzed one. Results corroborated that autocatalysis is promoted by the urethane
group. Activation energies for both reaction paths have been found to be higher than those presented in the literature for aromatic diisocyanate
systems, which explains the lower reaction rate of the presented system.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Polyurethanes are very versatile polymers which allow cre-
ating new promising materials. This is mainly due to the way
they are synthesized and the wide range of different compo-
nents that can be used to form diverse polyurethanes. Segmented
thermoplastic polyurethane elastomers (STPUEs) based on
poly(ester)urethanes and poly(carbonate)urethanes have been
claimed to be promising biodegradable materials with poten-
tial utilities in biomedical sciences applications, as long term
medical implants, mainly in blood contact devices [1–6]. These
polyurethanes have received great attention as they posses a
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broad range of chemical and physical properties, good bio-
compatibility and can be designed to degrade in biological
environments due to the possibility of easily varying their chem-
ical composition. In previous work, commercially synthesized
polyurethanes were prepared with no completely biocompatible
precursors [1,5,6]. In this work, hexamethylene diisocyanate,
which is claimed as not toxic amine producer during degrada-
tion of the corresponding polyurethanes [1,6], has been used. No
catalyst was employed for avoiding biocompatibility problems
of the material.

Knowledge of kinetic parameters of a reactive resin is essen-
tial on the design and processing of polymer and composite
technologies. Kinetic prediction of the cure pattern over a wide
temperature range is also of interest. The present polyurethane
addition reaction was followed by Fourier transform infrared
spectroscopy (FT-IR) and by differential scanning calorimetry

0040-6031/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2007.03.021
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(DSC) at several isothermal temperatures and also dynamically
by means of DSC. In this work an autocatalytic kinetic model and
model-free-isoconversional methods were applied for the char-
acterization of the reaction of the chosen polyurethane system
and to compare the applicability of the methods to the present
aliphatic elastomeric polyurethane cure.

2. Background

2.1. Kinetic modelling

Kinetic models developed from kinetic analysis of DSC data
have been widely applied to epoxy-thermosetting resins cure
[7–13]. Some authors have recently presented their application
to the study of polyurethanes cure [14–19]. These methods have
also been applied to kinetic studies of solid to solid and gas
transitions [20], unsaturated polyesters cure [21–23], allotropic
transitions [24], cure of benzoxazine resins [25], cure of phenolic
resins [26], or diffusion controlled reaction kinetics [27], among
others.

In the simplest way, using the definition of conversion, for
polyurethane addition reaction, α = 1 − [NCO]t/[NCO]0, with
[NCO]t and [NCO]0 being the isocyanate concentration at any
reaction time and at the beginning, respectively, reaction rate
can be described by the general equation:

dα

dt
= k(T )f (α) (1)

where dα/dt is the reaction rate, k(T) is a constant depending only
on temperature and f(α) an unknown function of conversion.

k(T) is usually represented by Arrhenius relationship:

k = A exp

[−Ea

RT

]
(2)

where Ea is the activation energy of the reaction, T the absolute
temperature, R the universal gas constant, and A is the preexpo-
nential or frequency factor, which gives an idea of the association
tendency of reacting molecules. As Eqs. (1) and (2) show, the
higher the frequency factor is, the faster the reaction.

In Eq. (1), f(α) is chosen according to experimental data
and describes the reaction mechanism. There are many differ-
ent proposed functions for the function f(α). Some of them are
compared in Ref. [12]. One common reaction function is that of
nth order:

f (α) = (1 − α)n (3)

Substitution of Eqs. (3) into (1) yields an equation representing
a mechanism with maximum reaction rate at α = 0, that is at the
beginning of the reaction.

Another function is the so-called Prout–Tompkins equation
[28]:

f (α) = αm(1 − α)n (4)

Eq. (4) describes an autocatalytic process with initial reaction
rate equal to zero.

The generalization of mechanisms described by combination
of Eqs. (3) and (4) into (1) is the so-called Kamal–Sourour [21]
autocatalytic equation:

dα

dt
= (k1 + k2α

m)(1 − α)n (5)

where n, m, reaction orders, and k1, k2, kinetic constants, can be
obtained using Kenny proposed iterative method [29] by means
of DSC isothermal data.

A commonly accepted mechanistic equation to describe some
polyurethanes non-catalyzed alcohol, –OH, and isocyanate,
–NCO, reaction rate is the so-called Sato’s equation [30]:

−d[NCO]

dt
=K1[NCO][OH]2+K2[NCO][OH][RNHCOOR′]

(6)

which gives account of an alcohol and urethane, –RNHCOOR′–,
autocatalyzed mechanism. Taking into account the definition of
conversion, this equation can be rewritten in the following form
[31]:

dα

dt
= (k1 + k2α)(1 − α)2 (7)

being k1 = K1/A
2
0 and k2 = (K2 − K1)A2

0 the absolute rate
constants and A2

0 = [NCO]2
0 = [OH]2

0.
In order to compare our system kinetics pattern with that

found in the literature, different modelling methods have been
applied.

2.2. Model-free-isoconversional methods

The advantage of analysing kinetic data using model-free
methods is that they do not assume any model or mecha-
nism beforehand, and thus they are able to predict the most
complicated reaction behaviour even at a different range of
temperatures. Vyazovkin and coworkers [7–9] have deeply
developed these methods, and good critical reviews are also
available [32–34].

The main assumption of these methods is that the reaction
mechanism does not change with temperature and heating rate.
The principle of isoconversional methods is that theoretically the
kinetic constants, at a determined conversion, are only function
of the temperature.

Isoconversional methods do not provide mechanism details.
They describe the kinetics with an average activation energy
function of conversion and temperature [32]. Thereby they
assume that the reaction rate can be expressed as a product of
a function of the temperature and a function of the conversion
similar to Eq. (1).

2.2.1. Isoconversional–isothermal methods
These require curing under isothermal conditions at different

temperatures.

2.2.1.1. Integral method. Assuming that k(T) has an Arrhenius
temperature dependence, this method uses integral form of Eq.
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(1) over a range 〈0, α〉:

g(α) =
α∫
0

dα

f (α)
= Atα exp

[−Ea

RT

]
(8)

where g(α) is an unknown function of the conversion and tα is
the time required to reach a conversion α at a temperature T.
Taking logarithms from Eq. (8):

ln(tα) = ln
g(α)

A
+ Ea

RT
(9)

For a constant conversion, a plot of ln(tα) versus 1/T should lead
to a straight line whose slope allows the calculation of the activa-
tion energy for that given conversion. From the origin intercept
the value for g(α)/A at each conversion, assumed independent
of the temperature, can be obtained. Using the integrated form
of Eq. (8), the pair for each conversion [Ea, g(α)/A]α allows to
predict the time required to reach that conversion at any other
temperature.

As reported by many authors [32,33], this method is an
approximation for considering a non-conversion dependent Ea
when integrating Eq. (8). Vyazovkin has proposed a method [35]
to solve this problem, using a numerical procedure for integra-
tion (8), in which the activation energy is not averaged over the
integration range.

2.2.1.2. Differential or Friedman method [36]. This method is
based on the logarithmic form of Eq. (1):

ln
dα

dt
= ln A f (α) − Ea

RT
(10)

For a constant value of α, a plot of ln(dα/dt) versus 1/T should
be a straight line whose slope allows the evaluation of Ea.

2.2.2. Isoconversional–dynamic methods
These methods require measurements of cure at different

heating rates.

2.2.2.1. Differential or Friedman method. For non-isothermal
conditions the reaction rate can be expressed as

β
dα

dT
= Af (α) exp

[−Ea

RT

]
(11)

where β stands for the experiment heating rate and T is the
absolute temperature.

From which, taking logarithms:

ln βi

dα

dT
= ln Af (α) − Ea

RTα

(12)

where Tα is the temperature at which the system approach
a conversion α, and βi is a determined heating rate. For a
constant α, a plot of ln βi(dα/dT) versus 1/Tα should be a
straight line whose slope allows the calculation of activation
energy.

2.2.2.2. Integral methods. Those methods are based on the inte-
gration of Eq. (11):

g(α) = A

β

T∫
0

exp

[−Ea

RT

]
dT = AE

βR
p(x) (13)

where x = Ea/RT and p(x) is the so-called temperature or expo-
nential integral which cannot be exactly calculated [32–35].
Actually, integral methods differ depending on the approxima-
tion of this integral. One of them is that given by Flynn and Wall
[37], and Ozawa [38], which relies on Doyle approximation [39]:

ln p(x) = −5.331 − 1.052x (14)

Taking logarithms in (13) and substituting in (14):

ln β = ln
AE

Rg(α)
− 5.331 − 1.052

Ea

RT
(15)

For a constant conversion, a plot of ln β versus 1/T, from
the data at different heating rates, leads to a straight line
whose slope provides Ea calculation. This method is known as
Flynn–Wall–Ozawa method (FWO).

In the Kissinger–Akahira–Sunose method (KAS), the expres-
sion p(x) is expressed using the Coats–Redfern approximation
[40]:

p(x) ∼= exp[−x]

x2 (16)

Substituting this into (13) and taking logarithms:

ln

(
β

T 2

)
∼= ln

(
AR

g(α)Ea

)
− Ea

RT
(17)

A plot of ln(β/T2) versus 1/T for a constant conversion gives the
Ea at that conversion.

In this work both isothermal and non-isothermal presented
methods have been applied.

3. Experimental

1,6-Hexamethylene diisocyanate (HDI) provided by Bayer
(Desmodur® W) was used as received. This reactant was
carefully manipulated as it has a low vapour pressure
being potentially toxic by inhalation. The polydiol was
poly(hexamethylene carbonate-co-caprolactone) (PHMC-co-
PCL). This polymer was provided by Polimeri Europe, Ravena,
with the commercial name of Ravecarb R111. It was dried under
vacuum before use. The polydiol number-average-molecular
weight is 2023 g/mol, as determined using ASTM-D 4274-
88 standard for measuring the hydroxyl number. The block
copolymer is formed by 45 wt% polycarbonate and 55 wt% poly-
caprolactone.

Sandwiches of KBr were prepared as sample containers for
FT-IR measurements. The equipment used was a Nicolet-Nexus-
FT-IR spectrometer provided with a temperature chamber and
controller from Specac. Spectra of the samples were obtained
averaging 20 scans between 4000 and 400 cm−1 with a resolu-
tion of 2 cm−1.
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To relate conversion with absorbance changes the area of iso-
cyanate group, –N C O stretching band appearing at around
2273 cm−1, ANCO, was measured at different times and normal-
ized with the area of a reference peak, in this case the C–H
symmetric and antisymmetric stretching band spanning from
2950 to 2850 cm−1 approximately, Aref, which does not sig-
nificantly change during reaction [41]. Lambert–Beer law was
assumed. Relative changes in molar absorbtivity for the iso-
cyanate and for the reference band during the reaction were
considered to be equal.

Isocyanate conversion was calculated as follows:

α = 1 − (ANCO/Aref)t
(ANCO/Aref)t=0

(18)

Measurements were performed at 90, 110, 120, 130 and 140 ◦C.
Both isothermal and dynamic DSC scans were performed

using a Mettler Toledo DSC822e provided with a robotic-arm
and with an intracooler. Isothermal runs were performed at tem-
peratures ranging from 90 to 140 ◦C. Non-isothermal scans were
undertaken at 5, 10, 15, 20, 30 and 40 ◦C/min heating rates and
the range was from 30 to 200 ◦C. Material weighed for each
reactive sample was in the range of 5–10 mg. All the runs were
performed under inert N2 atmosphere.

In the isothermal analysis conversion was calculated suppos-
ing a proportional ratio between heat flow and reaction rate.
Then the conversion at each time was calculated referring the
heat evolved until that moment, �Ht, to the total heat, the sum
of the isothermal run heat plus the residual heat:

α = 1 − �Ht

�Hiso + �Hres
(19)

where �Hiso is the heat released during the isothermal mea-
surement and �Hres is the residual heat measured dynamically

after each isothermal cure at a heating rate of 30 ◦C/min from
30 to 200 ◦C. Very low residual heats were obtained in all cases,
thus indicating that high conversions were reached during the
isothermal measurements.

High resolution NMR spectra of the reaction reactants and
products were recorded using a Bruker 300 MHz spectrome-
ter. Samples were dissolved to 10 wt% in deuterated chloroform
(CDCl3). 13C NMR chemical shifts were measured with respect
to tetramethylsilane (TMS) as internal standard.

The following conditions were used: sweep width
18,832 Hz, pulse width = 5.5 �s, pulse delay = 10 s, acquisition
time = 1.75 s, and data points = 65,500.

4. Results and discussion

4.1. Kinetic modelling

The mechanism and kinetics of uncatalyzed reactions
of isocyanates with alcohols have been widely investigated
[15,31,42–47]. Although the reaction is approximately of sec-
ond order, it has been demonstrated that more complex equations
are necessary. In the literature the autocatalytic effect has
been attributed to alcohol and/or urethane catalysis, or to the
consumption of NCO by side reactions as the formation of
allophanates [47]. Side reactions have been checked by 13C
NMR, comparing spectra of both the polydiol and the formed
polyurethane. Since urethane formation reaction from alcohol
and isocyanate implies the disappearance of hydroxyl group
and the formation of a new group, the urethane group, only
carbonyl and alkyl groups bonded to polydiol hydroxyl and ure-
thane groups were analysed. Fig. 1a presents the carbonyl region
of 13C NMR spectra of the raw polydiol, and that of stoichiomet-
ric polyurethanes cured at 120 and 140 ◦C. Fig. 1b corresponds

Fig. 1. 13C NMR spectra for the raw polyol (PC-PCL) and stoichiometric polyurethanes cured at 140 ◦C (PU-140 ◦C) and 120 ◦C (PU-120 ◦C): (a) carbonyl region;
(b) aliphatic carbons region.
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Scheme 1. Reaction studied and reactants formulas.

to the region of aliphatic carbons. The main difference between
the reaction products and reactants is the disappearance of alkyl
carbon, C1, bonded to hydroxyl group band at 64 ppm, and alkyl
carbon, C2, bonded to hydroxyl bonded alkyl carbon band at
33 ppm, the formation of urethane carbonyl carbon, C9, band
at 156 ppm, alkyl carbon, Cα, band bonded to urethane nitro-
gen belonging to HDI monomer at 41 ppm, and alkyl carbon,
Cβ, band of HDI monomer bonded to alkyl carbon bonded ure-
thane nitrogen at 30 ppm. Another alkyl carbon and attributed
to HDI monomer, Cγ , can be seen at 26 ppm. Therefore, no
substantial lateral reactions, such as those of isocyanurate or
allophanate formation, were undergone within the temperature
range studied, and only urethane linkages were obtained. Then
the addition reaction between polydiol hydroxyl groups and
isocyanate groups of HDI molecule to form urethane can be
sketched as shown in Scheme 1.

A set of FT-IR spectra between 3100 and 1600 cm−1 obtained
at 120 ◦C at different times is shown in Fig. 2. The disappear-
ance of isocyanate antisymmetric stretching band at 2273 cm−1

through time as a consequence of the reaction between hydroxyl
and isocyanate groups can be clearly seen. In the FT-IR
spectra obtained at different temperatures within the range
4000–400 cm−1 no bands attributable to allophanate or isocya-
nurate formation were seen, thus being in accordance with 13C
NMR analysis results.

Fig. 3 shows the isothermal DSC thermograms obtained
at different curing temperatures. As temperature increases the
thermogram peak shifts toward shorter times being the whole
process finished in less time. Infrared conversion obtained
according to Eq. (18) and DSC conversion data obtained by
Eq. (19) at different temperatures are shown in Fig. 4. This

Fig. 2. FT-IR spectra of the reactive sample recorded at different times at 120 ◦C.

Fig. 3. Differential scanning calorimetry (DSC) isothermal thermograms of the
reactive system at different temperatures.

shows the correlation of both methods on the measurement of
the conversion for a given time. The relation α(t,T) was there-
fore considered the same for both techniques, and only DSC data
were used for the following analysis. Moreover, the shift factor
study gave a fairly neat superposition of α versus ln t curves at
different temperatures as also presented in the right-hand side
small square of Fig. 4. This fact can be attributed to reactions
following the same mechanism within the range studied [18].

Fig. 5 shows the evolution of reaction rate with reaction con-
version at different temperatures. As seen, the system presents
an initial reaction rate different from zero and from the maxi-
mum. Therefore, the common nth order model cannot represent
this system. Thus, f(α) function corresponding to Eqs. (3) and
(4) was rejected for describing the present system.

Fig. 4. Conversion vs. time for DSC and FT-IR measurements at different
temperatures. The right-hand side small square represents the master curve,
conversion vs. ln(t) centred at 110 ◦C.
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Fig. 5. Comparison of experiment results (symbols), with a model with n = 2
and m = 1 (dash line), and with the model obtained by iteration, with n = 1.56
and m = 0.67 (solid line).

Previous studies [30,31,43–46] on polyurethane kinet-
ics were able to describe the mechanism of non-catalyzed
polyurethane formation and fit experimental data to a Kamal-
shape autocatalytic equation with orders n = 2 and m = 1,
represented by Eqs. (6) and (7). That case applied to
polyurethanes fits the so-called Sato’s autocatalytic equation
[30]. DSC experimental data have been used in Eq. (7) to obtain
k1 and k2 absolute kinetic parameters, via Runge–Kutta itera-
tion, but as shown in Fig. 5 the model did not fit the experimental
results. Although Sato’s autocatalytic equation has been previ-
ously used to describe equimolecular aliphatic [48] and aromatic
[43] diisocyanate/alcohol autocatalytic systems, that model was
not able to describe the present autocatalytic polyurethane cure
in the temperature range employed, slightly higher than those of
most kinetic studies found in literature. Therefore, any reaction
order was assumed using Kenny’s iterative method [29]. When
applying this method it was assumed dα/dt = k1 when α = 0. At
shown in Fig. 5, the DSC experimental data obtained at different
temperatures fits well to Kamal–Sourour generalized autocat-
alytic Eq. (5) with n = 1.56 and m = 0.67 values for the range of
temperature studied. According to these results, the global reac-
tion rate of our system approaches the value m + n = 2 shown in
the literature [19,29] for other systems.

The absolute k1 and k2 obtained values at each tempera-
ture are listed in Table 1. k1/k2 varied from 2.15 to 0.34 when
increasing the temperature from 90 to 140 ◦C and k2 > k1 at tem-
peratures above 110 ◦C, thus the autocatalytic effect becomes
more noticeable at higher temperatures. Moreover, a m value

Fig. 6. Arrhenius plot for the Kamal model constants, calculated using Kenny’s
method. In the upper right corner square the constants are plotted against the
temperature.

lower than unity means that the autocatalytic reaction has higher
contribution on the overall reaction rate.

Fig. 6 shows the Arrhenius plot for the obtained absolute
constants using this method. Assuming Arrhenius-temperature-
dependence, activation energies for both processes described by
Eq. (5) were calculated from the slope of ln k versus 1/T. The
obtained parameters of this model are gathered in Table 1.

Isothermal experimental behaviour was compared to that pre-
dicted by the model with n = 1.56 and m = 0.67. For this purpose
the model differential equations were integrated numerically to
give time values at different conversions. Enough points were
calculated in order to draw a neat curve. To draw each tem-
perature isotherms by this method, kinetic constants k1 and k2
obtained by Kenny’s iteration were used. These curves are pre-
sented in Fig. 7 together with DSC experimental isotherms. As
seen the fitting is fairly neat within the whole range of conver-
sion.

Frequency factors for non-catalyzed, A1, and autocatalyzed,
A2, reaction pathways are also presented in Table 1. As seen fre-
quency factors are A1 < A2 < 1014 min−1, which is in accordance
with general theory of reaction rates, since polymerization is a
process in which the entropy diminishes during reaction [49].

Although frequency factors data (A2 � A1) indicate that
associations of reactive molecules with urethane are more prob-
able (i.e. A2 higher), the higher activation energy obtained
for autocatalysis hindrances this reaction path to occur before
the non-catalyzed one. When increasing the temperature the

Table 1
General kinetic parameters of the autocatalytic Kamal model

T (◦C) n = 1.56 m = 0.67

k1 (×102 min−1) Ea1 (kJ/mol) A1 (min−1) k2 (×102 min−1) Ea2 (kJ/mol) A2 (min−1)

90 1.05

43.5 ± 1.5 1.9 × 104

0.50

90.0 ± 2.5 4.2 × 1010

100 1.58 1.11
110 2.26 2.37
120 3.26 4.85
130 4.40 9.53
140 6.03 18.38
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Fig. 7. Isothermal prediction of the autocatalytical model with n = 1.56 and
m = 0.67, and raw isothermal data.

enthalpic effect to the reaction rate becomes flattered and the
tendency to association, represented by the preexponential fac-
tor, gets more important, thus being the autocatalyzed reaction
more important at higher temperatures. This is also explained
below taking into account a thermodynamical consideration.

The activation energy values obtained in the present work
are higher than the values reported in the literature for systems
based on aromatic diisocyanates and polyols with similar molec-
ular weigh [43], what gives account of the lower reactivity of
aliphatic diisocyanates. In any case, the activation energy values
obtained for urethane catalyzed pathway are the highest. These
results then also follow the tendency appointed by other authors
(karomatic > kaliphatic, Earomatic < Ealiphatic, and E2 > E1) [43–47].

4.2. Model-free-isoconversional-methods

4.2.1. Isothermal methods
Integral and Friedman differential isothermal methods were

used to calculate the activation energies at different conversions.
They were also analysed and used to draw the corresponding α

versus t and dα/dt versus t, respectively. Fig. 8 presents Friedman
plots of ln(dα/dt) versus 1/T for different conversions. Activation
energies calculated from the slopes were matched to the deter-
mined conversion. Friedman method was used as follows. First

Fig. 8. Friedman plot for calculation of global reaction activation energy at
different conversions.

Fig. 9. Comparative of Kamal-autocatalytic fit with free-model-isothermal dif-
ferential method and experimental results.

the pairs Aα = A f(α), Bα = Ea/R were calculated for each conver-
sion. The required plot is presented in Fig. 8. Then, those values
were used to draw the reaction rate curves for each temperature
using the non-logarithmic form of Eq. (10).

The resulting curves are shown together with the experimen-
tal data and with the Kamal obtained model using Kenny iterative
method in Fig. 9.

The procedure used to draw the conversion versus time cure
patterns by the integral method was utilized in the following way.
First, the pairs Aα = A/g(α), B(α) = Ea(α)/R, were calculated for
different conversions, and then introduced into the integrated
form of Eq. (8) for the calculation of time tα required to reach a
conversion α, at different temperatures T.

As mentioned above this method has the pitfall [32–35] of
considering Ea an average between 〈0, α〉, for the integration in
Eq. (8). Nevertheless, it gives errors less than 4% for the present
system when drawing α versus t curves, as seen in Fig. 10. Inte-
gral method was used to predict the conversion versus time curve
at 80 ◦C, which it is also gathered in Fig. 10.

As inferred from the fittings, we can say that both autocat-
alytic and model-free-isothermal models can be used to describe
the whole reaction pattern of our system.

Activation energies as function of conversion calculated by
Friedman and Integral isothermal methods are presented in

Fig. 10. Integral–isothermal–isoconversional method used to predict α vs. t
curves.
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Fig. 11. Activation energies as function of conversion measured by different
isothermal techniques.

Fig. 11. They are compared with the activation energy value
calculated from the slope resulting by plotting the shift factors
obtained from displacements of α versus ln(t) against 1/T, which
gives an average activation energy representative of the whole
process. The convex pattern of E(α) values versus α shown
in Fig. 11 are representative of an autocatalytic process with
diffusion regime in its later stages [8].

4.2.2. Non-isothermal methods
Non-isothermal cures at different heating rates were also per-

formed. The aim of this was to predict the isothermal cure. To
obtain the E(α) dependence, Friedman, Flynn–Wall–Ozawa and
Kissinger–Akahira–Sunose methods were applied. The resulted
patterns are shown in Fig. 12. To predict the isothermal α(t)
relationship upon non-isothermal data, the isoconversional rela-
tion proposed by Vyazovkin and coworkers [8,50] was used.
According to this method, for a given conversion, the integral
g(α), previously defined in Eqs. (8) and (13), must be equal for
both isothermal experiments and non-isothermal methods.

Resolving (8) and (13) simultaneously:

g(α) =
α∫
0

dα

f (α)
= Atα exp

[−Ea

RT0

]
= A

β

Tα∫
0

exp

[−Ea

RTα

]
dT (20)

Fig. 12. Activation energies as function of conversion obtained by different
dynamic methods.

where Tα is the temperature at which a conversion α is reached
in the non-isothermal run, T0 the temperature at which the curve
α(t) has to be computed, and tα is the time required for reaching
a conversion α at a temperature T0. Solving the right-hand side
integral of Eq. (20) using the afore-mentioned Coats–Redfern
approach leads to:

tα = RT 2
α

βEaα
exp

[
Eaα

R

(
1

T0
− 1

Tα

)]
(21)

Knowing the pairs Eα, Tα, the time, tα, at which those con-
versions would be reached at a temperature T0 can be now
calculated.

Using the Friedman E(α) dependence a set of tα values
for different conversions and different temperatures were com-
puted. Friedman method resulted to give better fit than the
other two methods and only its prediction is shown in Fig. 13.
Fig. 13 compares the predicted isotherms with those experimen-
tally obtained. The deviation at intermediate conversions was
matched to the high heating rates used for the non-isothermal
measurements, deviating from the isothermal behaviour of the
reaction. Thus, it is inferred that slower heating rates would
lead to more adjusted α(t) curves. Another important reason
that explains this deviation is the differences between isother-
mal and dynamically obtained E(α) dependencies. Other reason
for the observed deviation could be, as appointed by Criado et al.
[51], the arising for considering the preexponential or frequency
factor independent of temperature, when calculating E(α).

4.3. Thermodynamics

To understand the autocatalytic mechanism of the urethane
reaction a thermodynamic analysis is useful. Although till now
a non-temperature dependent pre-exponential factor has been
considered for calculating the values of the kinetic constants
in the iteration of Eq. (5) a qualitative study in which kinetic
constants with temperature dependent pre-exponential factors
are assumed can be made for the calculation of thermodynamic
activations parameters.

Wynne-Jones–Eyring–Evans theory [49,52] presents a tem-
perature dependent preexponential factor, with which the kinetic

Fig. 13. Conversion vs. time isotherms predicted by non-isothermal data at
temperatures T0, from 90 to 140 ◦C.
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Table 2
Activation parameters calculated according to Wynne-Jones–Eyring–Evans
equations, for non-catalyzed and catalyzed polydiol/HDI system reaction paths

Reaction path �H# (kJ/mol) �S# (J K−1 mol−1)

Non-catalyzed 40.2 −173.5
Autocatalyzed 86.7 −52.1

constant becomes:

k = kBT n

h
exp

[
N + �S#

R

]
exp

[−Ea

RT

]
(22)

where kB and h are the Boltzmann and Planck constants, respec-
tively, N the so-called molecularity, �S# is the activation entropy
and Ea = �H# + NRT, a function of activation enthalpy, �H#,
and molecularity. The classical Arrhenius constants have N = 0.
N uses to be 1 for reactions occurring in liquid state [49]. Thus,
assuming N = 1, plotting ln(k/T) against 1/T, �H# and �S# are
obtained from the slope and origin, respectively.

Table 2 presents values for activation enthalpies, �H#, and
entropies, �S#, calculated using the absolute kinetic constants
obtained from the iteration of Eq. (5) for the HDI system studied
in this work. Thus, activation enthalpy and entropy pairs for both
non-catalyzed reaction path, �H#

1 and �S#
1 , and autocatalyzed

reaction path, �H#
2 and �S#

2 , were obtained. For results anal-
ysis, it is interesting to bear on mind the definition of entropy
variation,�S = Sfinal − Sinitial. Considering a similar entropic ini-
tial state for both non-catalyzed and urethane catalyzed reactions
(i.e. when molecules are very separated one to each other), a
lower value for the entropy of non-catalyzed activation state,
�S#

1 , than that for the autocatalyzed, �S#
2 , would suggest a

final state of the non-catalyzed reaction path more ordered,
what is thermodynamically disfavoured. This fact makes this
reaction path more and more disfavoured while the temperature
increases, and that could be the reason that explains the more
noticeable autocatalytic effect at high temperatures.

Negative values for activation entropies also indicate the
importance of reactants association previous to chemical reac-
tion [49,53], thus reinforcing the certainty of an autocatalytic
mechanism for polyurethanes systems.

The higher activation energy values obtained for the aliphatic
studied system than for the aromatic ones found in the literature
can be explained taking into account thermodynamic aspects.
In this way some authors [30,44] have appointed that due to the
more stable activated complex of aromatic diisocyanate com-
pounds, owed to the conjugation of double bonds between the
aromatic ring and NCO group, these aromatic diisocyanates
present a higher tendency to associate therefore giving higher
kinetic constants.

5. Conclusions

Free external catalysis cure kinetics of a new biodegradable
polyurethane system formed by poly(hexamethylene carbonate-
co-caprolactone)diol and aliphatic hexamethylene diisocyanate
has been characterized by DSC, FT-IR and 13C NMR. The
polymerization process is rather slow at temperatures below

80 ◦C and much slower than that for other polyurethane sys-
tems such as those containing aromatic diisocyanates, what
can be explained taking into account thermodynamics aspects.
Even high temperatures were employed in the polymerizations
no significant lateral reactions were observed within the range
80–140 ◦C by 13C NMR and FT-IR.

Although Sato’s autocatalytic equation has been previously
used to describe aliphatic and aromatic diisocyanates autocat-
alytic systems, that model was not able to describe the present
autocatalytic polyurethane cure.

Both kinetic modelling and model-free methods have been
successfully applied for describing the cure of the polyurethane
autocatalytic system. These models are able to predict the kinetic
behaviour at different temperatures.

No lateral reaction were observed by 13C NMR, which
together with the thermodynamic consideration, suggests
that autocatalysis, is undergone by urethane group via an
urethane–alcohol intermediate, this effect being more noticeable
at elevated temperatures.
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